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an immunosensor.

This paper reports a micro-machined piezoelectric membrane-based biosensor array for immunoassay.
Goat immunoglobulin G (IgG) and HBsAg were immobilized as the probe molecules on the square piezo-
electric membranes of the sensors that have dimensions of 3.5 um x 500 pum x 500 pm. Due to the mass
sensitive nature of these sensors, their resonant frequencies were depressed after the anti-goat IgG or anti-
HBsAg was captured by the goat IgG or HBsAg. The resonant frequencies of the sensors were measured
by an impedance analyzer. The experimental results demonstrate that the measured frequency change
varies from 100 to 700 Hz, and the mass sensitivity of the device is estimated to be about 6.25Hz/ng. A
near linear relationship between the frequency change and the concentration of goat IgG was obtained,
and the mass of the attached anti-goat IgG was calculated. The preliminary results discussed in this work
indicate that the micro-machined piezoelectric membrane-based biosensor has a potential application as

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

A biosensor generally consists of a transducer and an affinity-
based interface, which binds the biological receptors, and generates
a detectable signal when the interested biological entities are cap-
tured. The transducer serves as sensor platform to detect the signal
generated by the interface (Li et al., 2004).

Micro-machined piezoelectric biosensors are being widely
investigated due to their many advantages over other sensors, such
as compact size, high sensitivity, easy integration with an analy-
sis circuit, and rapid response (Janshoff et al., 2000). Depending on
the sensing platform of the sensor, micro-machined piezoelectric
biosensors can mainly be classified into cantilever type, quartz-
crystal micro-balance (QCM) type, and membrane type.

To date, micro-machined piezoelectric cantilever-based sensors
(MPCS) are still the major player in the field of biosensing because
of their high sensitivity and label free detection (Raiteri et al., 2001;
Carrascosa et al., 2006). Most of these sensors use the mass micro-
balancing technique to measure the change in resonant frequency
after the capture of target molecules on a functionalized micro-
cantilever surface (Hwang et al., 2004; Lee et al., 2006; Kang et
al., 2006). However, MPCS suffers from a low quality merit fac-
tor (Q value), which makes it very difficult to be used in a liquid
media. Furthermore, the fragility of these devices during fabrica-
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tion processes and under real operating conditions also limits their
extensive applications.

To overcome this issue, the QCM is developed as an alternative.
Quartz has been successfully used in high sensitivity gas and lig-
uid sensors for more than 30 years. Recently, QCM was reported to
have successfully detected DNA and bacteria with good frequency
stability and reproducibility (Mo et al., 2002; Mannelli et al., 2003).
While this is a positive advancement, QCM remains unpractical for
miniaturization and biosensor array application.

An interesting device based on micro-machined resonating
piezoelectric membrane arrays was recently reported (Nicu et al.,
2005). This device avoids problems, such as the fragility of the
silicon-based cantilever in the micro-cantilever sensor and the
lack of integration potential in the QCM biosensors. However, the
affinity-based interface of this device is the open top surface of the
membrane, and the reactive liquid that contains biomaterial can
flow freely from one sensor to another sensor, resulting in unde-
sired interaction between different biomaterials. Thus, this sensor
array is not suitable for multi-biomaterial detection.

In this paper, we present another piezoelectric membrane-
based biosensor array, which is fabricated with micro-machining
techniques. This new device has a very compact size, relatively
high sensitivity, rapid response, and it can be integrated with an
analytical circuit easily. Additionally, this sensor array can detect
multiple biological materials simultaneously because the interac-
tions between the biomaterials take place within each reaction
chamber. After characterization, it was verified that this sensor
array can be used as an immunosensor. The working principle,
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fabrication and characterization results will be introduced in the
following section.

2. Mass sensitivity—theoretical analysis

The piezoelectric membrane-based biosensor presented here
actually worked as a mass sensor. The working principle of this
sensor is that the resonant frequency of the membrane decreases
in response to a mass loading on the membrane surface. For an
amount of mass added onto the micro-machined membrane sur-
face, the resonant frequency change of the sensor is proportional
to the added mass. The relationship is shown as follows:

Af x Am (1)

where Af denotes the frequency change, and Am stands for the
amount of mass added onto the device. The mass sensitivity Sy of
a piezoelectric mass sensor can be defined as (Wenzel and White,
1989)

. Af 1
Sm= lim ———
M= AM—0 fo AM
where AM is the mass per unit area loaded onto the surface of the
sensor, and Af=f—fg is the frequency change in response to the
mass loading. The unit of Sy is m2/kg. The resonant frequency of a
thin square membrane with side width a can be expressed as

27'ra2 \/

where D=Ed3/12(1 — v2)is the flexural rigidity, A is a constant, pand
d are the density and thickness of the membrane, respectively, and
M = pd is the mass per unit area of the membrane. Differentiating (3)
with respect to M and using the definition (2), the mass sensitivity
can be calculated as

S lim Af 1 1 1 1

M = =
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where M =" p;d; for the case of a multilayer membrane, and p; and
d; are the density and thickness of the ith layer of the membrane,
respectively.

The fabricated membrane is simplified as a 3.5-pwm-thick piezo-
electric layer on a 1.8-pwm-thick silicon oxide layer during the
theoretical calculation. The densities of Pb(Zrgs5,Tig4g)03 (PZT)
and SiO, layers used for the simulation are 7.62 x 103 kg/m3 and
2.07 x 103 kg/m3, respectively (Yao et al., 2003). Based on Eq. (4),
the theoretical mass sensitivity (Sy) of the fabricated sensor is
calculated to be —16.5 m?/kg.

An alternate definition of mass sensitivity is the resonant fre-
quency change corresponding to a unit mass load (Thundat et al.,
1995; Ilic et al., 2000). It can be written as

Af
Am
where Af is the frequency change due to an external introduced
mass load Am. The unit of S, is Hz/kg. A larger absolute value of
Sm means that the device is more sensitive.

Referring to Egs. (3) and (4), the relationship between Sy, and
Swm can be rewritten as
Af fo

Sm=—-——+==-""+Sm 6

m Am 1 (6)
where fj is the resonant frequency before any mass is added to the
membrane, Sy, is the sensitivity in units of m2/kg, and A is the area of
the membrane. Since the dimensions and material properties of the

(2)

3)

fo=
27102

(4)

Sm = (5)

membrane are constant, Egs. (4) and (6) reveal that the sensitivity
is already defined once the sensor is fabricated. The mass change
is proportional to the detected frequency change and can be easily
derived from Eq. (6) as
A

Am Sufo Af (7)
where fy is the resonance frequency which can be determined
using impedance analysis due to the piezoelectric effect. Sy can be
obtained from Eq. (4). Therefore, the mass of the biological entity
captured by the bioreceptor is proportional to the resonance fre-
quency change of the membrane, and thus can be calculated by
measuring the resonant frequency change. This result is quite sig-
nificant in quantitative mass analysis using such a sensor.

3. Micro-fabrication of the sensor array
3.1. Fabrication processes

The piezoelectric membrane-based biosensor array was fabri-
cated using standard bulk micro-machining fabrication techniques.
There were a total of 10 main steps involved. (1) A thermal silicon
oxide layer (1.8 um thick) was grown on a 4-in. double-sided pol-
ished silicon wafer. (2) A silicon nitride layer with a thickness of
200 nm and a lower temperature oxide (LTO) layer with a thickness
of 350 nm were then deposited by low pressure chemical vapor
deposition (LPCVD) on both sides of the wafer. (3) To open a win-
dow for backside silicon etching, the LTO and Si3N4/SiO, layers
were etched by buffered oxide etching (BOE) and reactive ion etch-
ing (RIE). (4) After patterning, KOH wet etching was performed
until the remaining thickness of silicon was about 50 pm. (5) Ti
(20 nm)/Pt (200 nm) layers were sputtered, patterned on front side
and used as bottom electrode. (6) PZT was used as the piezoelec-
tric material for the membrane. A thick PZT layer with a required
thickness of around 3.5 pm was deposited by the composite thick
film deposition technique (Zhu et al., 2002; Wang et al., 2003).
(7) Wet etching of the PZT in diluted HCI/HF solution was done to
expose the bottom electrode pad. (8) A polyimide layer was spin-
coated, patterned, and cured as an insulation layer to minimize
parasitic capacitance induced by the patterned electrode wiring.
(9) Ti (20 nm)/Pt (200 nm) layers were sputtered and patterned on
the front side using lift-off to serve as the top electrode. (10) The
backside silicon was etched away by KOH till the SiO, layer was
exposed. (11) A layer of Au with thickness of 50 nm was sputtered
on the surface of SiO, as the immobilization surface of the reaction
chamber.

3.2. Fabrication results

Using the micro-machining process described above, the
membrane-based piezoelectric biosensor array was successfully
fabricated. As shown in Fig. 1(a), each array consists of seven indi-
vidual sensors which are located in a hexagonal shape. Each square
block shown in Fig. 1(a) is actually a single sensor. The fabrication
of the device could obtain a very high yield due to the high quality
thick PZT layer.

The backside of the array, which shows the reaction chambers, is
illustrated in Fig. 1(b). The width of the sensor was about 0.51 mm,
which was close to the designed value (0.5 mm). The opening area
of the chamber was much larger than that of the bottom membrane
due to the anisotropic wet etching by KOH. The subsequent bioma-
terial immobilizations processes, such as the dipping and washing
of the biomaterial, were much more convenient due to this enlarged
opening area.
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Fig. 1. Images of the fabricated sensor array: (a) optical image in top view; (b) SEM
image of the reverse side.

4. Characterization
4.1. Biomaterial immobilization

The coupling effect between antigen and antibody is one of the
most popular techniques for biosensing in immunosensor appli-
cations. The specific binding of the complementary species can be
successfully detected with this approach. In this work, two differ-
ent biological entities, goat immunoglobulin G (IgG) and HBsAg,
were used to verify the feasibility of applying this sensor as an
immunosensor.

The biological material immobilization was implemented by a
dip and dry process (Ito et al., 1996), and the schematic process is
shown in Fig. 2. Before the immobilization, a thin gold film (~50 nm)
was sputtered onto the membrane in the reaction chamber. This
thin metal surface will make the biomaterials immobilization eas-
ier (Lazcka et al., 2007; Ziegler et al., 1998). Biomolecules were
immobilized onto the gold surfaces through the strong attachment
between their native thiol functional groups (SH or SS) and Au
(Arkady et al., 2000; Mirsky et al., 1997).

Goat IgG and HBsAg were immobilized onto the membrane
surfaces to serve as receptors. Four individual sensors were immo-
bilized with goatIgG in the firstimmobilization process. The reverse
sides of the membranes that serve as sensing surfaces were firstly
cleaned by acetone and isopropanol (IPA), and were dried out by
nitrogen gas. Then 1 pl of goat IgG with different concentrations
(Sigma, USA) in phosphate buffered saline (PBS, pH 7.4) was added
into each reaction chamber. The concentrations of the added goat
IgG for the four devices were 25 pg/ml, 50 pg/ml, 100 pg/ml, and
200 pg/ml, respectively. After 30 min of reaction at room temper-

ature, the excess or unattached goat IgGs were washed away by
carefully injected tris-buffered-saline (TBS washing buffer, pH 8.0).
The goat IgG functionalized surfaces were dried under nitrogen
flow. Because anti-goat IgG may directly attach onto the open gold
surface between the goat IgGs and cause measurement inaccu-
racies, 1wl of Blocker ™ Casein in TBS with a concentration of
1 mg/ml was dropped into each chamber to block the open sur-
faces.

The blockers and the goat IgG were again dried with nitrogen,
and then the natural resonant frequencies of the four sensors were
measured. Finally, in order to ensure a sufficient numbers of reac-
tions between the goat IgG and anti-goat IgG, 1 .l of anti-goat IgG
(Sigma, USA) with concentration of 100 wg/ml in PBS was added
into each reaction chamber. After 30 min, the anti-goat IgGs were
bonded with the immobilized goat IgGs, and the un-bonded anti-
goat IgGs were washed away using TBS. After drying with nitrogen,
the resonant frequencies were measured again. It can be seen that
the total experimental time was less than 2 h, which was much
faster than other reported times (Nicu et al., 2005; Lee et al., 2007)
which typically took 7-12 h, or even longer to complete the process.

HBsAg was also immobilized on another sensor. The immo-
bilization and washing process were the same as those for the
previous four sensors. The concentrations for HBsAg (US Biological,
USA), Blocker™ (Casein, and anti-HBsAg (US Biological, USA) were
20 pg/ml, 1 mg/ml, and 200 p.g/ml, respectively. To investigate the
effect of washing processes on the sensors’ resonant frequency, one
sensor was used as the reference which underwent all the same
washing and drying process, but no biomaterial was immobilized
onto it.

In order to know the distribution of the captured anti-goat
IgG, one reference sensor was immobilized with 1 .l of anti-goat
IgG (25 pg/ml) labeled with Cy-3 in the last step. The fluorescent
image of the captured anti-goat IgG could be observed using flu-
orescence microscopy with the images recorded by CCD camera
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Fig. 2. Schematic processes of immobilizing goat IgG on the backside of the PZT
membrane: (a) cleaning the backside of the membrane (with 50 nm thick Au layer);
(b) attaching the goat IgG on to the Au surface; (c) blocking the open surface by
Blocker™ Casein in TBS; (d) hybridization of goat IgG and anti-goat IgG.
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Fig. 3. Fluorescence image of one sensor after Cy-3 labeled anti-goat IgGs were
absorbed.

(Nikon, Japan). The reaction chamber was totally black under the
fluorescence microscopy before the anti-goat IgG was added.

4.2. Characterization results and discussion

Fig. 3 shows the pictures of the anti-goat IgGs (with Cy-3 label)
distribution on the membrane of the reference sensor under a flu-
orescence microscope. The light dots clearly show that the labeled
anti-goat IgGs were bonded with the goat IgGs. It can also be seen
that the density at the edge of the membrane was higher than that
in the center. This may have been caused by the drying and washing
processes.

The piezoelectric membrane-based biosensors can be character-
ized using an impedance spectrum, which is one of the advantages
of the piezoelectric biosensors. The Agilent 4294A impedance ana-
lyzer was used to test the fabricated biosensors. A probe station was
used to connect the analyzer and the wiring pads of the sensors.

As the external biomaterials, such as goat IgG, HBsAg, and
Blocker, were attached onto the sensing surfaces of the biosen-
sors, the resonant frequencies of the sensors shift to the lower
frequency domain. In order to study this relationship, the resonant
frequency of the sensor was measured after each immobilization
process was completed. The first reference resonant frequency (fi)
was measured after the thin gold layer was sputtered, and the
second resonant frequency (f,) was measured after the goat IgGs
were immobilized. Hence, the first frequency shift was calculated
as Afi =f1 - f>. The resonant frequency after immobilizing blocker
(f3) and anti-goat IgGs (fs) were subsequently measured. The last
two frequency shifts were calculated as Af, =f, - fs and Afz =f3 - f4.
All the measurements were conducted in gas phase with a temper-
ature of 30°C. Fig. 4(a) presents the frequencies of one sensor with
a plain sensing surface (f; ), goat IgG and blocker (f3), and anti-goat
I12G (f4). The frequency change varies from 100 to 700 Hz. The same
measurement methods were also applied in the anti-HBsAg detect-
ing processes. Fig. 4(b) shows the frequencies of another sensor
with HBsAg, blocker, and anti-HBsAgs. Fig. 4 clearly shows that the
frequency decreased after each type of biological entity was immo-
bilized or adsorbed. The resonant frequencies of the sensors were
measured at low frequency range (80-150kHz), thus, the cost of
measurement equipments are lower than that of high frequency

measurement equipments. This is another merit of the sensors
developed in this work.

Usually, during investigation of a calibration curve, probe molec-
ular (Goat IgG in this work) with the same concentration is first
immobilized on different sensors, whereas in the last step, the
target molecular (anti-goat IgG) with different concentration is
detected. Due to the limited binding sites in the immobilized goat
IgG, if the concentration of the anti-goat IgG increases to a certain
level, the redundant anti-goat IgG is not able to be captured by the
goat IgG, hence a saturation adsorption occurs.

In this work, however, a different immobilizing process was
used. Goat IgG was immobilized with different concentrations
(25-200 pg/ml) in the first step; therefore, the numbers of goat
IgG binding sites were proportional to the concentration of the
solutions. In the last step, anti-goat IgG was applied onto the sen-
sor surface with a relatively high concentration. This sufficiently
high concentration of anti-goat IgGs ensures that all the binding
sites in the goat IgGs were occupied by anti-goat IgGs. Due to the
specific interaction between antigen and antibody, theoretically,
the amount of the anti-goat IgGs captured by the goat IgG binding
sites is proportional to the concentration of immobilized goat IgG.
Therefore, a nearly linear relationship between the frequency shift
(after anti-goat IgGs were captured) and the concentration of the
immobilized goat IgG is expected.

The advantage of our immobilization method is that the capa-
bility of the new biosensors for the detection of added mass and
performance uniformity can be proved after the first immobiliza-
tion process. Based on Eq. (1), it can be seen that the resonant
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Fig. 4. Phase-frequency spectra of the sensors during each immobilization process:
(a) frequency change of one sensor in response to immobilization of goat IgG and
blocker and captured anti-goat IgGs; (b) frequency change of another sensor after
HBsAg, blocker, and anti-HBsAgs were immobilized or captured.
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frequency of the sensor should be changed after the external mass
isadded, and the frequency shift is proportional to the mass change.
In this work, the added mass in the first step is actually the mass
of the immobilized goat IgG which is proportional to the concen-
tration of its solution. After the goat IgGs with concentrations of
25 pg/ml, 50 pg/ml, 100 pg/ml, and 200 pg/ml were immobilized
on the four different sensors, the frequency shifts were measured to
be 150Hz, 258 Hz, 530 Hz, and 1100 Hz, respectively. The frequency
shift is nearly proportional to the concentration of immobilized
goat IgG, indicating that the sensor array is mass sensitive and the
performances of the sensors are reasonably uniform. After the mass
sensitive feature of the sensor array was confirmed, we further eval-
uated the immunoassay performances of the array by applying the
anti-goat IgG.

The dose/signal curve was plotted in Fig. 5(a), the frequency
shifts were calculated based on the average frequency values after
five measurements. In the tested goat IgG concentration range of
25-200 pg/ml, a nearly linear relationship between the frequency
shift (after anti-goat IgGs were captured) and the concentration of
goat IgG was found. This reveals that a higher concentration of goat
IgG added onto the sensor in the first immobilization process will
resultin a larger frequency shift after capturing the anti-goat IgG in
the last step. This is mainly because of more goat IgG binding sites
were available in higher concentration of immobilized goat IgG to
capture anti-goat IgGs.

The resonant frequencies of the reference sensors have negligi-
ble variations (<50 Hz) during the washing process. This reveals that
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Fig. 5. Relationship between frequency depression, concentration of goat IgG, and
mass change for four sensors in the same array: (a) relationship between the fre-
quency depression and the concentration of goat IgG; (b) relationship between the
mass change and frequency depression after the anti-goat IgGs were captured.

washing process has a negligible effect on the sensor’s frequency.
This also indicates that nonspecific adsorption is not significant in
this immobilization processes.

The mass of the captured anti-goat IgG in the last process
can be calculated by Eq. (7). The surface area (A) is 2.5 x 10~7 m?2
(500 wm x 500 wm), and Sy is —16.5m?/kg. The reference fre-
quency (fg) in the equation was measured after the blocker was
immobilized. Frequency change (Af) was calculated as Af3 =f3 - f4.
The calculated masses adsorbed by the four sensors are 16.1 ng,
52.3ng, 78.2ng, and 108 ng, respectively. The linear relationship
between the calculated mass and the frequency change is pre-
sented in Fig. 5(b). This result is well consistent with the conclusion
from Eq. (7), and it justifies that the performances of the sensors
in this array were quite uniform. From the gradient of Fig. 5(b), the
average mass sensitivity of these four sensors was calculated to be
6.25Hz/ng. This result proves that the sensor array developed in
this work can detect the mass of the biomaterials in quantity.

The mass of the immobilized blocker can also be calculated by
Eq. (7), and it was much smaller than that calculated by the added
concentration and volume. This reveals that the majority of the sen-
sor surfaces were occupied by the goat IgG and there were not many
open surfaces for the blockers to attach onto. Hence, it can be con-
cluded that the mass change in the last step was mainly due to the
captured anti-goat IgG. This ensures the accuracy of the anti-goat
IgG detection. The primary results obtained in these experiments
proved to be meaningful in the detection of small quantities of
biomaterials.

5. Conclusions

In this study, we presented a mass sensitive PZT membrane
(3.5 pm thick)-based biosensor array for immunoassay applica-
tions. The array was fabricated by micro-machining techniques
and consisted of seven individual sensors, which were 500 wm by
500 wm in dimension. Goat IgG and HBsAg were immobilized as
probe molecules on the sensing membrane to capture the target
biomolecule, anti-goat IgG and anti-HBsAg. The frequency changes
were electrically measured by an impedance analyzer. The mass
sensitivity of the device was estimated to be about 6.25Hz/ng
for detection of anit-goat IgG. The primary results indicate that
micro-machined piezoelectric sensor array has the feasibility for
immunosensor applications. With further improvement and cali-
bration in the future, the sensor array can simultaneously detect
either multiple biological entities or the same biological entity
with different concentrations. Therefore, it has the potential to be
applied in a disposable biochip for rapid and low cost medical diag-
nosis or food quality monitoring.
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